The relative stabilities of weak binding clusters are sensitive to temperature due to the entropy effect. Thus, here we report significant changes in relative stabilities between two low-energy electron-water trimer structures and those between three low-energy electron-water pentamer structures, as the temperature increases. The trimer and pentamer show structural changes around 200 K.
Introduction
As water is the most important solvent, the electron-water clusters have been an interesting subject in physics, chemistry and biochemistry. 1 The formation of long-lived electron-water clusters [e − (H 2 O) n , n ≥ 11] was observed by electron attachment to cold neutral water clusters.
2 Some electron-water clusters were obtained through the chargetransfer to water (CTTS: charge transfer to solvent) from anions such as halide ions. [3] [4] [5] [6] [7] Small electron-water clusters were observed by the time-of-flight mass, 2 infrared (IR) [8] [9] [10] or Raman 11 and photoelectron spectroscopic (PES) 12 tools. These experiments provide OH or OD stretching IR frequencies and vertical-electron detachment energies (VDE). Based on these experimental results, many theoretical studies of electron-bound water clusters have been performed in order to obtain their structural and spectroscopic information with high level ab initio theories, [13] [14] [15] which are essential to investigate the properties due to very weak binding and diffuse excess electron. The structures, spectra and electronic properties of electron-water dimer to octamer were investigated and reported by using ab initio calculations especially at the levels of Møller-Plesset second-order perturbation (MP2) and coupled cluster single and double excitations (CCSD) with the aug-cc-pVDZ+(2s2p/2s) basis set. 15 The MP2 and CCSD calculations have shown realistic energetics. The Becke's three-parameter exchange and Lee-Yang-Parr correlation functionals (B3LYP) calculations have often been employed because they give reasonable IR spectroscopic data with minimal computation efforts, despite that the electronic properties such as VDEs are poorly evaluated. Thus, both calculation approaches have been widely used for neutral water, 16 ion-water clusters, 5, 17 π-water clusters 18 and solvated or biological systems. 19 The use of highly diffuse basis set for the electron-bound water clusters was essential to obtain reliable stabilities, speactra, and electronic properties of electron-water clusters.
Although many low-energy structures of electron-water clusters have been known at 0 K, the structural changes depending in the temperature have not been reported. Since the relative stabilities of weak binding clusters are very sensitive to temperature due to the entropy effect, it is of importance to investigate the changes in relative stabilities for the electron-water clusters. Since two low-energy electronwater trimer structures have the cyclic and linear conformations, and three low-energy electron-water pentamer structures are known to have nearly same energies with different number of hydrogen bonds (HBs), 15 we investigate the relative stabilities for these conformers depending on temperature. Indeed, as the temperature changes from 0 K to the room temperature, we find that the lowest energy structures have drastically changed.
Calculation Methods
Many structures and energetics of small electron-water clusters were calculated at the MP2/aug-cc-pVDZ+(2s2p/2s) levels of theory.
15 These extra diffuse sp functions were added to all oxygen atoms in order to effectively bind the excess electron. All the exponents of the added diffuse basis functions in parentheses were scaled by the 1/8 factor from those of each corresponding outermost basis function. The vibrational frequencies were used to evaluated zero-pointenergies (ZPEs) and thermodynamic quantities. The B3LYP ZPE corrections of electron-water cluster are known to give slightly smaller than the MP2 ones.
The dependency of basis set on stabilities and electronic properties of electron-bound water clusters was investigated in terms of the extra diffuse basis functions and polarization functions of d-orbitals of oxygen atoms and p-orbitals of hydrogen atoms. The MP2/aug-cc-pVDZ+(2s2p/2s)+X(3s3p) calculations with the smaller basis set calculations were performed for the electron-water trimer. The X(3s3p) basis set (the exponents of which are 0.01, 0.00125 and 0.00015625) was used to evaluate the extra basis function effect on the relative stabilities and VDEs. Based on this stuffy, we note that the present basis set is very reliable for the present study. All calculations were carried out using a suite of Gaussian programs.
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Results and Discussion
Many interesting conformers including internal-bound states for the electron-water trimer were reported for their relative energies and electronic properties.
15 Neutral and electron-bound water trimers and pentamers are shown in Figure 1 . Cyclic ring (3R) is the most stable, but it has very small VDE in comparison with the experimental value (0.13 eV). The linear structure 3L is higher in energy than the most stable neutral water trimer (3Neut; cyclic ring) and the 3R conformer. Thus, the 3L conformer is considered to be the experimentally observed conformer, the intensity of which is very weak in the time-of-flight mass spectra.
The most stable electron-water pentamer was considered as a cyclic-ring structure (5R). However, 5R conformer has two imaginary frequencies owing to the C5 symmetry constraint at the B3LYP/6-311++G**(sp) and the MP2/augcc-pVDZ+(2s2p/2s) levels of theory. 15 The directions of these imaginary frequency modes are toward the neutral cyclic-ring structure. This conformer is optimized into the structure similar to the lowest-energy neutral water pentamer at the MP2/aug-cc-pVDZ+(2s2p/2s) level without the symmetry constraint. 5R has very small VDE due to the very small dipole moment at its neutral state and the widely spread dangling H atoms. At the CCSD level, the relative stability of 5Pyf conformer is enhanced in comparison with those of other conformers. 15 The red shifts for OH stretches are large for the double proton-acceptor ("aa"-type) water and also significant for a single proton-acceptor ("a"-type) water. 5Pyf, 5R43f and 5Y41* are considerably stable conformers with one "aa"-or "a"-type water. The 5Pyf conformer is the most stable with very large dipole moment at its neutral state, and has large VDE. The CCSD//MP2/ aug-cc-pVDZ+(2s2p/2s)-predicted VDE of 5Pyf is 0.35 eV which is close to the experimental value (0.41 eV).
15 So, this 5Pyf conformer is considered as the observed structure for the electron-water pentamer.
Here, we discuss the dependency of the diffuse (2s2p/2s) basis sets at the MP2 level on the relative energies and VDEs of electron-water clusters (i.e., 3R and 3L conformers). The other five diffuse basis sets (2s2p/s), (2s2p), (2sp/s), (2sp) and (sp) were used instead of the diffuse (2s2p/2s) basis set for the calculations, which resulted in the energy changes by 0.20, 0.21, 0.43, 0.64 and 3.76 kcal/mol for 3R and -0.01, 0.09, 0.00, 0.16 and 0.80 kcal/mol for 3L with respect to the (2s2p/2s) case, and the VDEs of -0.01, -0.01, -0.02, -0.02 and -0.16 eV for 3R and 0.11, 0.11, 0.11, 0.11 and 0.08 eV for 3L. However, the energy changes of their neutral states are very small (all are within 0.02 kcal/mol). The relative energies of 3R and 3L for the aug-cc-pVDZ+(2s2p/2s) +X(3s3p) basis set with respect to ther aug-cc-pVDZ+(2s2p/ 2s) basis set are -0.06 and -0.05 kcal/mol, and those of their neutral states are -0.03 and -0.05 kcal/mol, while the change of VDEs are negligible. Thus, while the diffuse functions of oxygen atoms are very important for investigation of the electron-water clusters, the diffuse set (2s2p/2s) at the MP2 level shows almost converged realistic values for both energetic stability and VDE. On the other hand, the deletion of polarization functions (d/p) at the MP2 level enhances the relative stability for 3L from 3.28 to 2.47 kcal/mol, and decreases the relative stability for 3R from 0.73 to 0.92 kcal/ mol with respect to the neutral trimer, while their VDEs are slightly increased from 0.00 to 0.01 eV for 3R and from 0.11 to 0.12 eV for 3L. From these results the electron-binding states are weakly affected by diffused polarization functions, but the relative stabilities of the strong dipole-bound electron water clusters with respect to the corresponding neutral clusters are slightly enhanced. As a result, the use of suitable diffuse functions are more important than polarization functions to investigate the electron-water clusters.
The thermodynamic properties of some interesting electronwater clusters (1-, 2-and 3-dimensional structures) have been studied using the MP2/aug-cc-pVDZ+(2s2p/2s) vibrational frequency calculations. The thermodynamic effect for the relative stabilities of electron-water clusters is given in Figure 2 . The 3-dimensional structures have more waterwater HB interactions than 1-dimensional or 2-dimensional conformers. Thus, at low temperatures 3-dimensional structures are more stable than 1-or 2-dimensional ones, while at high temperatures 1-and 2-dimensional conformers are more favorable than 3-dimensional ones. The numbers of HBs in 3R, 3L, 5Pyf, 5R43f and 5Y41* are three, two, seven, six, and five, respectively. This trend has also been noted in Hbonded neutral, halide-and alkali metal-water clusters and weak electrostatic interaction systems. 5, [16] [17] [18] [19] The 1-or 2-dimensional structures or less H-bonded structures are more favorable at high temperatures due to the entropy effect.
Concluding Remarks
The low-energy electron-water trimer is 1-dimensional structure, while the 3-dimensional structure is more stable for the electron-water pentamer. The thermodynamic stabilities of electron-water trimer and pentamer were discussed at the high level ab initio levels of theory. The diffuse functions of oxygen atoms are very important and essential in order to obtain reliable relative stabilities and VDEs of small electronwater clusters. Using these reliable ab initio calculations, we find that in the cases of the electron-water trimer and pentamer, 3R and 5Pyf/5R43f are the most stable at low temperatures, while 3L and 5Y41 are the most stable at room temperature. The lower dimensional conformers have less water-water H-bonds than the higher dimensional conformers. Thus, as temperature increases, the linear or chainlike structures gain more stability than cyclic ones or 2-dimensional structures, and the latter ones again gain more stability than 3-dimensional ones.
